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ABSTRACT
Nearly everything we know about extrasolar planets to date comes from optical astron-
omy. While exoplanetary aurorae are predicted to be bright at low radio frequencies
(< 1 GHz), we consider the effect of an exoplanet transit on radio emission from the
host star. As radio emission from solar-like stars is concentrated in active regions, a
planet occulting a starspot can cause a disproportionately deep transit which should
be detectable with major radio arrays currently under development, such as the Square
Kilometre Array (SKA). We calculate the radiometric sensitivity of the SKA stages
and components, finding that SKA2-Mid can expect to detect transits around the
very nearest solar-like stars and many cool dwarfs. The shape of this radiometric light
curve will be affected by scintillation and lensing from the planet’s magnetosphere
and thereby encode magnetospheric parameters. Furthermore, these transits will also
probe the distribution of stellar activity across a star’s surface, and will help scrub
out contamination from stellar activity on exoplanet transmission spectra and radial
velocity spectra. This radio window on exoplanets and their host stars is therefore a
valuable complement to existing optical tools.
Key words: stellar activity – planet–star interactions
1 INTRODUCTION
Extrasolar planets have been detected by the transit method
with optical telescopes routinely in the two decades since
first detection of transits by Henry et al. (2000) and Char-
bonneau et al. (2000). In this time the transit method has
yielded a great amount of information both about planets
themselves - including the largest planet survey yields (Ke-
pler : Borucki et al. 2010), measurements of planetary radii
(Fulton et al. 2017), and planetary atmospheric characteri-
zation (Kreidberg 2017) - but also about stars, constraining
their mean density (Seager & Malle´n-Ornelas 2003; Kipping
2014), limb darkening (Espinoza & Jorda´n 2015), and stellar
magnetic activity from transits across starspots (e.g. HAT-
P-11; Morris et al. 2017, 2018b). While arguably the first
exoplanet to be detected was in the radio, around the mil-
lisecond pulsar PSR 1257+12 (Wolszczan & Frail 1992), only
one planet around a main sequence star has been detected
outside the optical, infrared or UV bands: Poppenhaeger
et al. (2013) detected a deep X-ray transit of an extended
atmosphere of the hot Jupiter HD 189733 b in front of its
active K dwarf host star.
? E-mail: benjamin.pope@nyu.edu
Because most main sequence dwarf stars are too radio-
quiet to detect with present telescopes, the focus in radio
astronomy in relation to exoplanets has been on looking for
auroral radio emission from the planets themselves (Bastian
et al. 2000; Lazio 2017) or their moons (Noyola et al. 2014,
2016), which for close-in planets (Vidotto et al. 2015), or for
planets around M dwarfs (Turnpenney et al. 2018) or giant
stars (Zarka 2007), has been predicted to be orders of magni-
tude more intense than the already bright emission from our
own Jupiter (Zarka 2010). The auroral radio emissions are
expected to be a sensitive diagnostic of the conditions in the
planet’s magnetosphere, where by magnetosphere we mean
the region of plasma surrounding a planet which is mag-
netically connected to it rather than to the star or to the
background at infinity, and is typically denser than the sur-
rounding interplanetary medium1. So far, differential mea-
surements in and out of the secondary transit of the planet
passing behind the star have provided only a tentative de-
1 In the remainder of this paper, for simplicity, we will refer to
a planet’s extended plasma environment as its magnetosphere,
even if it might properly be referred to as its exosphere or ther-
mosphere. The distinctions in a stratified atmosphere are not im-
portant in the simplified models we will be using.
© 2018 The Authors
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tection of the aurora of HAT-P-11 b (Lecavelier des Etangs
et al. 2013). Low-frequency radio searches have so far other-
wise yielded only upper limits (e.g. Lynch et al. 2018), and
recently it has been suggested that self-absorption in dense
planetary magnetospheres may make such observations im-
possible for hot Jupiters even with planned very large in-
struments (Weber et al. 2017; Daley-Yates & Stevens 2018).
There is another possible radio-astronomy approach to
characterizing exoplanets, potentially their magnetospheres,
and more likely their host star’s magnetic configuration: the
modulation they cause in the broadband radio flux from
the host star. Cohen et al. (2018) considered the variation
imposed by a planet on MHD simulations of coronal radio
emission, showing that a planet could cause modulation am-
plitudes of order unity in the 10-100 MHz frequency regime,
and 2-10% above 250 MHz in some cases. This modulation
is caused by the interaction of the planetary magnetosphere
with the magnetized stellar corona and wind, which are con-
sidered to be smoothly-varying. This is a powerful motiva-
tion for low-frequency radio studies of exoplanet host stars,
if any are detectable in quiescent corona emission. Here,
we wish to consider first the sensitivities of near-future ex-
tremely large radio telescopes and evaluate the possibility
for detecting this predicted effect, and focus in particular
on the effects of planets on smaller spatial scales and corre-
spondingly higher frequencies.
Since the Dover Heights sea-cliff interferometer observa-
tions of Pawsey, Payne-Scott & McCready (1946) and Mc-
Cready, Pawsey & Payne-Scott (1947), it has been known
that the most intense solar radio emission comes from
sunspots, and subsequent investigations have shown that
this is also the case for other main-sequence dwarf stars.
These radio emissions can be non-thermal, arising from gy-
rosynchrotron emission, or thermal. At radio wavelengths
the sun’s atmosphere attains an optical depth of unity in the
corona. Thermal radio emission from these regions therefore
has temperatures in thermal equilibrium with the ∼ 106 K
plasma (Shibasaki et al. 2011).
If radio-emitting spots cover only a small fraction of the
star’s surface, a transiting planet which might only block a
tiny fraction of the stellar flux in white light may occult
an entire starspot and correspondingly cause a much deeper
and briefer radiometric transit. This effect was noted by Sel-
horst et al. (2013) considering ALMA frequencies (hundreds
of GHz), and the contrast between the bright active regions
and quiet stellar disk is even more pronounced at cm wave-
lengths than the submillimetre regime previously considered
(Shibasaki et al. 2011). The result is that the broadband
geometric transit depth during a spot-crossing event can
therefore be very deep (∼ 10% or more). The depth of the
radiometric transit will also constrain spot contamination
in transmission spectroscopy, the ‘transit light source effect’
which is currently a major limiting factor in how well atmo-
spheric composition is constrained by optical observations
(Barstow et al. 2015; Rackham et al. 2017b; Zhang et al.
2018). Many stars are now known to host planets which
frequently transit starspots. These spot-crossing events ap-
pear as a brightening anomaly during planetary transits, and
have been noted in more than ten systems, such as CoRoT-
2 (Wolter et al. 2009), Kepler-17 (Davenport et al. 2015),
HD 189733 (Pont et al. 2007), and HAT-P-11 (Morris et al.
2017, 2018b). Such events have been used to constrain the
misalignment of planetary orbits and stellar rotations (Nutz-
man et al. 2011), and measure the spatial distribution of ac-
tivity across a stellar surface and temporally over the stellar
activity cycle.
In this paper, we consider the detectability of stars with
forthcoming radio telescopes, finding that neither ALMA
nor low-frequency telescopes are likely to detect quiescent
radio emission from single main-sequence stars. We wish to
extend the proposal of Selhorst et al. (2013) to GHz fre-
quencies, where there are better hopes for detecting tran-
sits, and where we will show that interesting studies of ex-
oplanet magnetospheres and of stellar activity are possible.
The sharp features of star spots at these frequencies allow
for significant modulation on short timescales not previously
considered by Cohen et al. (2018) and with greater sensitiv-
ity than is possible at ALMA.
Stars at these frequencies will be accessible with the
Square Kilometre Array (SKA; Dewdney et al. 2009), a
large radio interferometer project which will be split be-
tween a low-frequency (∼50-350 MHz) arm ‘SKA-Low’
centred on the Murchison Radio Astronomy Observatory
near Boolardy, Western Australia, and a higher-frequency
(∼350 MHz-14 GHz, noting that not all of the wavebands in
that range are fully funded) arm ‘SKA-Mid’ centred on the
Karoo Desert in the Northern Cape province of South Africa,
with stations throughout southern Africa. The SKA will be
built in two stages2, a first-phase SKA1 to be completed
around 2023, and a complete second-phase SKA2 to be com-
pleted ∼ 2030. Although radio observations have been possi-
ble only for a handful of unusually active stars with present
technology, or for the very closest inactive stars (Villadsen
et al. 2014; Bastian et al. 2018; Trigilio et al. 2018), the SKA
will increase our sensitivity by orders of magnitude, and en-
able the detection of activity-modulated radio emission in
more distant and more magnetically-normal stars. We dis-
cuss the detailed sensitivities of each instrument and phase
in Section 2. At its highest frequencies and longest baselines
the SKA will have an angular resolution of ∼ 2 mas, com-
parable to the typical range of angular diameters of nearby
radio emitting solar-like stars (e.g. τ Ceti and  Eridani with
limb-darkened angular diameters of 2.078 ± 0.03 mas and
2.148 ± 0.03 mas respectively: Di Folco et al. 2004). While
this is sufficient for imaging red giants and for constrained
model fits to diameters of main-sequence stars to tens of
parsecs (Carilli et al. 2018), planetary transits will resolve
much finer surface features than otherwise possible at radio
frequencies.
Transits with the SKA will probe planetary magneto-
spheres for the first time as they are back-lit by compact,
bright stellar active regions. Under favourable conditions,
refraction and scintillation through the transiting planet’s
magnetosphere will modulate the radio light curve in ways
that are diagnostic of the magnetic and plasma conditions in
the planet’s local environment, complementary to the low-
frequency auroral emission.
In the following sections, we will go through simple cal-
culations to illustrate each of these effects and describe their
value. There is at present limited literature on radio prop-
erties of Sun-like stars, and our calculations are accordingly
2 unitedkingdom.skatelescope.org/ska-project/ska-timeline/
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crude. It will be valuable both to have improved simulations
to predict these effects more accurately, and to constrain
what can presently be constrained by observations of the
Sun and other nearby stars with present-day instruments.
In Section 2 we discuss the stars, instruments, frequen-
cies, and time samplings suitable for radio transit studies.
In Section 2.1 we assess the likely impact of the Transiting
Exoplanet Survey Satellite (TESS) mission on the poten-
tial of radio transit observations. In Section 3 we discuss
how the obstruction of stellar radio emissions by a tran-
siting exoplanet affect the observable radio emissions, not-
ing the possibility of using such observations to trace stellar
activity and considering how stellar activity affects transit
spectroscopy. In Section 3.2 we consider the unique charac-
teristics of M dwarfs, which are common hosts for transiting
exoplanets and which have relatively unusual radio emis-
sions. In Section 4 we discuss how propagation of stellar
radio emissions through the extended magnetosphere of a
transiting exoplanet affect the observable radio emissions,
considering lensing and scintillation for a Jupiter analogue
and a hot Jupiter. We also consider how starspot group size
impacts these effects and whether starspot distribution can
be inferred from them.
2 DETECTING STARS IN THE RADIO
We first need to establish which stars, instruments, frequen-
cies, and time samplings it will be possible to use for radio
transit studies. We consider several plausible stellar sources.
While radio emission is reported from young T Tauri stars
and interacting binaries, these are not necessarily the most
interesting objects of study from the perspective of exo-
planetary science and we restrict ourselves to single or well-
separated main-sequence stars in this work.
The Sun was the first bright astronomical radio
source, discovered independently by Reber (1944); Alexan-
der (1945); Army Operational Research Group (1945) and
Pawsey et al. (1946) (as discussed in Orchiston et al. 2006).
Thermal radio emission has been detected in only a handful
of solar-like stars: both components of α Centauri (G2V +
K1V; Trigilio et al. 2018); τ Ceti (G8V), η Cassiopeiae A
(F9V) and 40 Eridani A (K0.5V; Villadsen et al. 2014);
and  Eridani (K2V; Bastian et al. 2018). As they resem-
ble the Sun, these are from an astrobiological perspective
the most interesting stars as exoplanet hosts, and the bulk
of this paper will consider solar-like stars. Of these, we use
 Eri as the standard for GHz-frequency observations, as at
its high activity level it is a better analogue for the very
active stars that are of primary interest as spot-crossing
transit hosts.  Eri has an X-ray luminosity of 1028.5erg s−1
(Johnson 1981; Schmitt et al. 1995) compared to the Sun’s
1026.8 − 1027.9erg s−1, which is expected to correlate with
radio emission (Bastian et al. 2018).
Very significant radio emission is known in M/L dwarfs
(Williams 2017): in Section 3.2 we will discuss the ways in
which radio transit observations may give us a better un-
derstanding of the unusual magnetospheres of cool and ul-
tracool dwarfs. These are however not typically hosts of the
massive hot Jupiters which in Section 4 we will see are some
of the most exciting prospects for radio transit observations.
The radio emissions of single early-type main sequence
stars poorly understood, but very few transiting planets are
known so far around them either (e.g. Collier Cameron et al.
2010; Shporer et al. 2011; Bieryla et al. 2015; Hartman et al.
2015b; Talens et al. 2018; Siverd et al. 2018). We therefore
exclude these from the discussion in the remainder of this
paper, while noting that these may be a valuable subject for
future work.
The Selhorst et al. (2013) proposal has not so far yielded
a submillimetre transit detection due to the intrinsic faint-
ness of the target stars in the ALMA band: the most promis-
ing nearby active stars with transiting planets typically have
WISE flux densities at 13.6 THz of ∼ a few mJy, which is
typically the lowest frequency at which any of the afore-
mentioned spot-crossing planet hosts have been detected.
Their fluxes fall steeply to longer wavelengths: modelling
these sources as black-bodies, the Rayleigh-Jeans law (spec-
tral radiance ∝ frequency2) implies that these would typi-
cally be 104 times fainter at the ∼ 100 GHz frequencies at
which ALMA is most sensitive, or around 100 nJy. To detect
a 1% transit with a signal to noise ratio (SNR) of 3 we would
therefore need to reach a sensitivity of 0.3 µJy on the ∼ 5 min
timescale relevant to spot crossings. Using the ALMA sen-
sitivity calculator, we find that using the full 43 antenna
12 m array operating at the highest available frequency
(950 GHz) over the widest possible bandwidth (8 GHz, dual-
polarisation), the root-mean-square point source sensitivity
of a 5 min integration is only 3.4 mJy, a noise floor four or-
ders of magnitude higher than the signal required; even over
a full 3 h integration we reach only 0.5 mJy sensitivity, too
poor to detect the stars themselves, let alone a transit. Our
calculation is more pessimistic than Selhorst et al. (2013) in
that we demand an SNR of 3, rather than unity; we wish
to have a time cadence of 5 min rather than 1 hr, in or-
der to resolve the shape of the light curve; and we consider
known spot-crossing transiting planets which are typically
more distant than the previously-considered standard of the
Sun at 10 pc.
We therefore extend the analysis to lower radio frequen-
cies, such as will be achievable with the SKA. Using the spec-
ifications in the SKA memo SKA-TEL-SKO-0000818 (Braun
et al. 2017), we calculate the thermal noise levels in µJy for
phase-1 SKA1-Low and SKA1-Mid, the second-phase SKA2-
Low and SKA2-Mid, and for the existing NSF Karl G. Jan-
sky Very Large Array (VLA; Chandler & Butler 2014). The
planned successor to the VLA, the the Next-Generation Very
Large Array (ngVLA; Murphy 2017), which is planned to
begin operations from 2028-20343, will extend to frequen-
cies above SKA-Mid and below ALMA, as high as 116 GHz,
and will have a sensitivity comparable to that of SKA2-Mid
in the shared frequency range (≈ 0.2–0.3 µJy between 3 and
20 GHz for a similar bandwidth and one-hour integration),
but its design is still in such a state of flux that the values
here should be considered very preliminary.
In Figure 1, we show thermal noise limited 3 σ sensitiv-
ity levels for both 5 min and 60 min integrations as a function
of frequency for each instrument. We note that these values
do not include any calibration or instrumental errors, repre-
senting an idealized observation, and assume natural weight-
ing. The bandwidth integrated over to reach the sensitivities
3 http://ngVLA.nrao.edu/page/faq
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plotted in Figure 1 was chosen noting that the intrinsic spec-
trum of the observed source is convolved with the bandpass
of the instrument. While the radio spectra of the potential
targets are relatively unconstrained, we do not expect their
spectra to be flat (α ∼ 0, where the flux density Sν at fre-
quency ν is given by Sν ∝ να). If any of the sources observed
have steeply varying spectral energy distributions, integrat-
ing over too large a fractional bandwidth can in fact lead to
a decline in sensitivity since more noise than signal is being
averaged. To minimise this error in deriving the sensitivities
for the various telescopes, we chose to limit the integrated
bandwidth to no more than 30% of the available bandwidth.
The total integrated bandwidth was also limited to 2 and 4
GHz for SKA-mid and VLA, respectively. We note that the
SKA1-mid bands sensitive between 2-5 GHz and 11-13 GHz
are not part of the current planned deployment.
We overplot in Figure 1 the flux densities and frequen-
cies of our toy-model targets:  Eridani with its 4-18 GHz
radio fluxes as measured by Bastian et al. (2018), and the
same fluxes scaled from the calibrated Gaia DR2 distance
from Bailer-Jones et al. (2018) of 3.203±0.005 pc (Gaia DR2
source ID: 5164707970261630080) to distances of 20 and
40 pc as an analogue to the kind of solar-like targets we
might expect to observe. Likewise radio fluxes of the M dwarf
LHS 3003 from Burgasser & Putman (2005) are taken as a
fiducial M dwarf target, which we place at 10 and 25 pc. For
each of these we consider a canonical 1% transit, represent-
ing a giant planet transiting a solar-like star, or given their
smaller radii, a terrestrial planet transiting an M dwarf. As
no quiescent emission has been detected from solar-like stars
at low frequencies, we scale from the solar radio spectrum
reported by Oberoi et al. (2017) using the MWA, plotting a
solar analogue at 1 pc.
As is evident in Figure 1, it is barely possible to just
detect the unmodulated emission of an  Eri analogue out
to 20 pc with the SKA. This would not be sufficient to yield
a transit or to detect coronal emission modulation such as
proposed by Cohen et al. (2018). The science goals laid out
in this paper are achievable only with the full SKA2 (and
likely the ngVLA): it would be possible with SKA2-Mid us-
ing 5 min integrations to detect a 1% dip out to a few pc,
such as around  Eri should it host any transiting planets.
Nevertheless for M dwarfs, as is evident in the figure, it
would be possible to attain 1% photometry in the requisite
timescales out to ∼ 25 pc with SKA2-Mid, meaning that
these are very compelling candidates for such studies.
On the other hand, with the SKA-Low in either phase,
only an extremely nearby solar analogue would be detectable
at all, and a transit detection around a solar analogue would
certainly be impossible to detect. Prospecting for auroral
emission remains the most promising method for investigat-
ing the properties of exoplanets at these low frequencies.
As no solar-like star has been detected at low frequencies
with existing instruments, it is difficult to constrain the ra-
dio brightnesses of stars other than the Sun, but in the event
that more active stars are significantly more luminous at
these frequencies it is possible that active stars may be de-
tected out to a few parsecs.
For planetary transits at the limits of instrumental sen-
sitivity we may want to integrate for longer than is achiev-
able in one orbit. If the period of the orbit is known, we
recommend folding and stacking the data according to the
known ephemerides. The planetary signal averaged over
many orbits then traces the convolution of the mean under-
lying spot distribution and planet response function. This
will be especially feasible for short-period planets and hot
Neptunes and Jupiters generally.
Because both components of the SKA are or will be lo-
cated in the south, northern targets, and in particular the
Kepler field, will not be observable. The SKA sites, cen-
tred at latitudes of ∼ −30◦, strictly cannot observe targets
north of +50◦, and in practice would be restricted to targets
some twenty degrees south of this. The ngVLA in North
America will have a complementary field of view capable of
observing all targets unobservable with the SKA, provided it
reaches the planned SKA2-comparable sensitivity. Circum-
polar stars (which for the SKA means stars within ∼ 30◦
of the South Celestial Pole) will be continuously observable
in the radio; we suspect that the most valuable targets will
be those near the Southern Ecliptic Pole in the continuous
viewing zone of TESS and the James Webb Space Telescope
(JWST: Gardner et al. 2006), which will be simultaneously
observable with radio and optical instruments for extended
durations (∼ 1 yr for TESS hemispheres).
2.1 Finding Targets
As we have seen above, it is impractical to detect radio tran-
sits, even with SKA2, except across the very nearest stars,
around which no transiting planets are currently known.
The recent launch of the TESS photometric space mission
(Ricker et al. 2015) raises the prospect of discovering nearer
candidates with better spot-crossing light curves which will
be more appropriate for this study than the stars already
known with spot crossing planets. TESS will cover nearly
the entire sky in a succession of 27 d, 24 × 96 degree field
of view Sectors, beginning with a one-year campaign on the
southern celestial hemisphere before continuing for another
year in the northern hemisphere, covering ecliptic latitudes
greater than 6◦ and overlapping at the ecliptic poles to al-
low for a continuous viewing zone. It is optimized to detect
transits around bright stars, including naked-eye stars. Bar-
clay et al. (2018) predict that TESS will detect 47 transiting
planets within 50 pc, finding the closest such planet in their
simulations at 2.7 pc away. At such a close distance, it would
be possible to detect a 1% radio transit with SKA2, whether
from a giant planet or from a terrestrial planet occulting a
spot. TESS has already delivered its first planet candidates:
while at 18.27 pc the naked-eye TESS transit hosting G0
dwarf pi Mensae (Huang et al. 2018; Gandolfi et al. 2018)
is too far away to expect to detect in the radio, TESS has
also discovered a hot super-Earth around the nearby (15 pc)
M dwarf LHS 3844 (Vanderspek et al. 2018), an ideal can-
didate for SKA followup.
In addition to TESS, the SPECULOOS ground-based
transit survey (Delrez et al. 2018) will observe ∼ 1200 ul-
tracool dwarfs out to ∼ 50 pc with spectral type M7. It is
projected to discover ∼ 40 planets in ∼ 20 such systems. We
hope that TESS and ground-based M dwarf-targeting sur-
veys such as MEarth (Berta et al. 2012; Irwin et al. 2015)
and NGTS (Chazelas et al. 2012) will deliver many more
nearby targets for radio transit measurements, especially
hot Jupiters whose magnetospheres might be probed. Sim-
ilarly, it will be important to crossmatch surveys with the
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Figure 1. Plot of the 3 σ noise levels of future radio telescopes, assuming no calibration errors and natural weighting, as a function
of frequency and for different integration times. At the top with the lowest sensitivity (blue), we have the VLA; below (orange) SKA1;
and at the bottom with the highest sensitivity (green), SKA2. The break between the low and high frequency sections is the break
between SKA-Low and SKA-Mid, while the high frequency end of VLA is truncated to consider only those portions overlapping with
SKA-Mid. The solid lines denote the desired integration time of 5 min, at which features of the transit such as spot crossing events
might be detected, and the dotted lines integration times of 1 hr, which might be used for a bare-bones detection. The low-frequency
spectral energy distribution (SED) of the Sun at 1 pc (taken from Oberoi et al. 2017, solid line), the broadband emission of  Eri (Bastian
et al. 2018) (solid line segments) at its true distance of 3.203 pc, and of LHS 3003 (taken from Burgasser & Putman 2005) at 10 pc and
25 pc (filled star symbols), and 1% of  Eri (dotted lines) and LHS 3003 (empty star), are shown as indicative targets. At the limits of
its sensitivity SKA1-Mid may detect emission from solar-like stars at 20 pc, while SKA2-Mid would detect 1% transits on  Eri itself,
or equivalently its emission at ten times its distance (32 pc). Meanwhile SKA-Low in either incarnation is unlikely to detect quiescent
emission from any but the very nearest solar-like stars, and will very probably not be useful for transit work. The situation is much
more optimistic for late-type stars: transits on LHS 3003 could be detected out to 25 pc, giving us hope for detecting planetary transits
around many M dwarfs.
SKA precursors with Gaia to search for radio emission from
deep, complete catalogues of nearby late type stars to iden-
tify the most promising objects for follow-up (Callingham et
al., in prep.). These targets, as discussed in Section 3.2, are
easier to detect in the radio than hotter stars, and will be
valuable targets for radio characterization.
3 BROADBAND GEOMETRIC TRANSIT
The main effect likely to be observed is the geometric plane-
tary transit, in which the body of the planet occults part of
the star and blocks out its radiation, as was first discussed
by Selhorst et al. (2013). In this Section we will consider
the effect of a planet transiting the star in broadband radio,
ignoring diffraction and refraction. Planets (with diameters
of many thousands of kilometres) are much larger than the
∼ cm wavelength of commonly used radio instruments, so
diffraction may be neglected.
In Section 4 we will consider the effects of refraction
on radio propagation in the inhomogeneous plasma envi-
ronment of a planet’s magnetosphere. The broadband radio
light curve was investigated by Selhorst et al. (2013), who
used Nobeyama Radioheliograph maps of the Sun at 17 GHz
to simulate the appearance of an exoplanetary transit at sub-
mm wavelengths. They noted two main differences compared
to optical transits: an enhanced transit depth crossing stel-
lar active regions, and the change from limb-darkening to
limb-brightening which alters the transit shape.
Ignoring stellar activity for the moment, the whole stel-
lar corona is a source of radio waves and the star has an
accordingly larger radius (a ∼ 100 arcsec increase in radius
at ∼ GHz frequencies, in the case of the Sun; Kundu et al.
1979; Gary 1996), which will cause the radiometric transit
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ingress to slightly precede that of the optical transit, and
similarly delay the egress. Timing this effect precisely gives
a direct measure of the extent of the stellar chromosphere or
corona (probing different regions depending on wavelength);
depending on the duration of transit and achievable time
sampling, this may be a challenging but worthwhile obser-
vation. Likewise, the baseline transit shape will differ signif-
icantly from the optical because where in the optical regime
the Sun and sun-like stars are limb-darkened, they are ac-
tually limb-brightened at radio and millimetre wavelengths
(Kundu et al. 1979; Horne et al. 1981; De la Luz 2016), so
that instead of having a “u” shape as in the optical, the tran-
sit will actually have a “w” shape in the radio. Exoplanetary
transits are the only way of detecting this effect in single
stars more distant than the Sun without resolving them on
extremely long baselines, a key observation for models of
stellar chromospheres (Selhorst et al. 2011). In this regime
transit depths for a given star-planet pair are expected to
be slightly shallower than in the optical case, owing to the
increased stellar diameter.
Beyond transits of the quiescent stellar disk, the Sun is
highly inhomogeneous in its distribution of radio flux, with
active regions (i.e. starspots) having radio surface bright-
ness orders of magnitude greater than the quiescent disk.
The extent of the stellar surface covered by such regions is
a matter of interest from optical transit studies (e.g. Rack-
ham et al. 2017a; Morris et al. 2017), and typical values
may range from a few percent to a few tens of percent. As
a result, exoplanet transits of active stars are likely to have
sharp, brief, deep dips as the transit crosses active regions
which are much brighter than the rest of the stellar disk. If
an active region is typically ∼ the size of a terrestrial planet,
it might be completely occulted; as a result, whereas optical
transits have depths from parts-per-million to the percent
level, transits of active regions might have radiometric tran-
sit depths of percent or tens of percent, a very large signal
that is likely to be easy to detect provided the star itself is
detectable.
One of the difficulties of detecting a transiting planet
around a star at radio wavelengths is disentangling vari-
able stellar emission from the impact of the planet. Ra-
dio emission from the Sun, particularly from active regions,
can come in bursts of various types (Payne-Scott et al.
1947; Payne-Scott 1949) associated with coherent electron
cyclotron emission (Melrose 1980; Melrose & Dulk 1982).
 Eri, our prototype extrasolar radio star, was detected from
4-18 GHz in quiescent emission by Bastian et al. (2018), but
in the 2-4 GHz band showed similar flux in a single burst.
We therefore generically expect the radio emission of
distant stars, especially from starspots, to vary rapidly with
time. This may pose a problem for detecting scintillation or
lensing as in Section 4 in short cadence time series obser-
vations. We nevertheless expect the geometric transit to be
robust, simply because it causes a strong dip with a char-
acteristic shape in an otherwise variable time series, whose
periodic ephemeris can be separately determined by optical
studies. We therefore believe that while intrinsic stellar vari-
ability is likely to preclude radiometric transit surveys from
being easily used to detect new planets, given known plan-
ets and models of the out of transit variability, the effects
discussed in this paper are observable.
3.1 Disentangling Stellar Activity from Transit
Spectroscopy
Transmission spectroscopy of exoplanet atmospheres is
achievable by measuring the differential transit depth as
a function of wavelength. Where the atmosphere is more
opaque, or more strongly scattering, the planet will appear
larger and have a correspondingly deeper transit. Hetero-
geneity in the stellar photosphere, for instance from spots
and faculae, can cause systematic errors in the inferred tran-
sit spectrum (Rackham et al. 2017a; Apai et al. 2018), as it
is necessary to know the distribution both of spots along
the transit chord and also unocculted spots. This ‘transit
light source problem’ (Rackham et al. 2017b) is likely to be
one of the major limitations on atmospheric studies with fu-
ture large telescopes. The presence even of unocculted spots
can bias transit depth measurements in white light and as
a function of wavelength, and while this can be to some ex-
tent corrected by modelling the transit shape and ingress
and egress durations (Morris et al. 2018a), it would be ad-
vantageous to have an independent measure of unocculted
active region coverage. The radio spectrum of α Cen AB has
been used to constrain the spot coverage fraction (Trigilio
et al. 2018); with future large observatories, this will be pos-
sible for many more stars. As SKA1 (first light ∼ 2023) and
the five year mission of JWST (launch scheduled for 2021 at
the time of writing) are likely to overlap in time, we recom-
mend that JWST transit spectroscopy measurements be ac-
companied by simultaneous observations with SKA1 where
possible to help constrain the transit light source effect, even
in cases where SKA1 will lack the sensitivity to detect the
transit itself. At higher sensitivities with SKA2, the transit
depth in radio emission is related to the fraction of the radio
flux contributed by the occulted active regions, permitting a
more model-independent constraint on the spot distribution.
Simultaneous transit spectroscopy and radio monitoring for
the nearest solar-like stars or M dwarf hosts will break de-
generacies in the transit spectrum model related to stellar
activity to obtain uncontaminated atmospheric transmission
spectra.
3.2 Cool Dwarfs
Planets, including habitable planets, are thought to be com-
mon around the low-mass M dwarf stars (Dressing & Char-
bonneau 2013). These include the nearest exoplanet to us
(Proxima b: Anglada-Escude´ et al. 2016) and the remark-
able resonant chain of planets around TRAPPIST-1 (Gillon
et al. 2017; Luger et al. 2017). Many of these stars are known
to be bright and variable in the radio (Lane et al. 2007;
Berger et al. 2008; Antonova et al. 2013; Williams 2017),
and are in fact over-luminous in the radio relative to X-rays
compared to earlier-type stars (McLean et al. 2012), lying
above the Gu¨del-Benz relation connecting X-ray and radio
luminosity (Gu¨del & Benz 1993; Benz & Gu¨del 2010). Their
rotation rates span a much wider range than more massive
field stars (Newton et al. 2016), and the more rapidly ro-
tating M dwarfs show more signs of activity in Hα emis-
sion (Newton et al. 2017). The fraction of M dwarfs which
are magnetically active, using Hα emission as a proxy for
magnetic activity, rises steeply from a few percent at M3 to
∼ 90% at L0 (Schmidt et al. 2015), which is possibly related
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to the onset of full convection around ∼M4 spectral type.
Considering ‘ultracool dwarfs’ later than this, and including
L dwarfs (brown dwarfs), around 5−10% of ultracool dwarfs
are found to flare in the radio (Route & Wolszczan 2016).
These flares are typically highly circularly polarized, while
unpolarized, variable quiescent emission is also frequently
detected (Lynch et al. 2016). This emission likely arises from
the electron cyclotron maser instability (Hallinan et al. 2008;
Llama et al. 2018). The optical detection of bright regions on
the surface of TRAPPIST-1 (Morris et al. 2018c) indicates
the importance of stellar activity for understanding M dwarf
planets.
The radio over-luminosity of some late-type dwarfs,
combined with their very small radii making geometric tran-
sit depths very deep (∼ 10% or more for hot Jupiters in
some cases) makes them ideal for transit observations as
proposed in this work. The increase in sensitivity from the
SKA and especially SKA2 will very significantly expand the
volume and completeness of the sample of radio-loud ultra-
cool dwarfs: from population synthesis modeling, so far only
about 5% of the radio-flaring ultracool dwarfs within 25 pc
are thought to have been detected so far (Route 2017). The
details of the magnetic dynamos of late type stars, particu-
larly fully convective stars, are poorly understood, and they
can give rise to magnetic field topologies with large scale
dipole structure or messy small scale structure (Donati et al.
2008; Morin et al. 2008, 2010), with radio luminosities span-
ning more two orders of magnitude even for stars of the same
spectral type (Antonova et al. 2013).
This variability and diversity means that on the one
hand, stars such as LHS 3003 (M7, d = 6.56 ± 0.15 pc) can
be very luminous in the radio (0.270 ± .04 mJy: Burgasser
& Putman 2005), though variable to the extent that it was
subsequently not detected by Osten et al. (2009). On the
other hand, a search from radio emission from TRAPPIST-
1 (M8, 12 pc) has recently placed stringent upper limits of
8.1µJy across the 4−8 GHz band, such that detecting transits
on TRAPPIST-1 with the measured upper limits would be
difficult even with the SKA. Given the significant variability
of M dwarfs, however, it is possible that these observations
were taken in a period of low activity and that in future
TRAPPIST-1 may be detectable in the radio.
We have indicated the position of LHS 3003 on the sen-
sitivity diagram in Figure 1, pushing it out to 10 pc and 25 pc
and considering the sensitivity needed to detect a 1% transit.
The very high radio luminosity from McLean et al. (2012)
indicates that a 1% transit would be detectable out to 25 pc.
Bentley et al. (2018) have calculated that there are tens of
thousands of M dwarfs observable by TESS. Muirhead et al.
(2018) show that of cool dwarfs (including late K stars), se-
lecting the 10,000 ‘easiest’ targets for TESS out of 1,080,005
stars considered is likely to yield ∼ 133 transiting planets.
A comparison of Gaia DR2 and SDSS data indicate there
are at least ∼ 600 M dwarfs (Kiman et al., in prep.) within
25 pc, which Figure 1 shows may have transits detectable in
the radio. For very late stars which are optically faint, their
radio brightness may actually permit new exoplanet discov-
eries with the SKA, as opposed to the case for brighter stars
where the radio approach will be primarily useful for follow-
ing up known planets.
The main limitation may be the very significant vari-
ability of these sources, both from rotational modulation and
flares, which is likely to pose a significant challenge to tran-
sit detection in the radio as it does in the optical (Davenport
et al. 2016; Kipping et al. 2017). Villadsen & Hallinan (2018)
find in a survey of 5 active M dwarfs 22 bright, circularly po-
larized bursts on timescales of seconds to hours, inferring a
duty cycle of ∼ 25% at 1-1.4 GHz frequencies. This indicates
that it will be impossible to straightforwardly detect plane-
tary transits in this context without additional prior knowl-
edge. Nevertheless, for a planetary ephemeris known from
optical studies, transits will manifest themselves as anoma-
lous distribution of flare amplitudes - from plasma effects or
occultation - and this will have the same utility as a tran-
sit across a steadily emitting star. Considering the extreme
case of a light curve entirely consisting of flares with no de-
tectable quiescent flux, even if the radio emission consists
entirely of flares, you can measure the distribution of their
amplitudes in and out of transit.
Transits even of rocky planets may nevertheless be vi-
tal in establishing via transit tomography the radio emission
distribution on the stellar surfaces, as the only method likely
to directly spatially resolve this in the near future. We con-
sider modelling of M dwarf transits to be beyond the scope of
this paper: with complicated small-scale magnetic structure,
beamed, coherent and polarized emission, extreme variabil-
ity and bursty behaviour, it would take a very detailed anal-
ysis to predict the properties of transit light curves in details
and predict their ultimate value. A promising next avenue
is the method of Llama et al. (2018) to predict the radio
emission and its properties based on magnetic field maps of
the stellar surface from spectropolarimetry and from X-ray
observations. Generating such radio maps and simulating
transits would be a promising avenue for future work. It
will be important to establish whether simulated input spot
maps can be retrieved from radio transit light light curves,
and if so, whether this information is complementary to or
superior to what can be done with spectropolarimetry.
While small planets are common around M dwarfs
(Dressing & Charbonneau 2013), these are unlikely to
yield magnetospheric lensing detections. Only a handful of
hot Jupiters are known: Kepler -45 b (Johnson et al. 2012,
Gaia DR2: 381.95 ± 6.38 pc), HATS-6 b (Hartman et al.
2015a, Gaia DR2: 169.32± 1.06 pc), and NGTS-1 b (Bayliss
et al. 2018, Gaia DR2: 218.12±1.04 pc), although for NGTS-
1b the host star does not appear to be active. At their dis-
tances and the brightness of LHS 3003, transits would not
be detectable even with SKA2-Mid.
4 RADIO TRANSITS ILLUMINATING
PLANETARY MAGNETOSPHERES
Radio observations can not only complement optical tran-
sits, but also enable qualitatively new science, probing plan-
etary plasma environments. During a planetary transit,
stellar emissions of all wavelengths are obstructed by the
planet. In addition to this, stellar emissions also propagate
through the atmosphere, ionosphere, and magnetosphere of
the planet. For optical transit observations, atmospheric ef-
fects can be important, but ionospheric and magnetospheric
effects are negligible. By contrast, for radio transit observa-
tions, the effects of ionospheric and magnetospheric plasma
may be important in the case of sufficiently dense environ-
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ments. Here we consider these effects, which occur in ad-
dition to the purely geometric planetary transit effect ad-
dressed in Section 3. Since magnetospheric lengthscales are
on the order of planetary radii or greater, whereas iono-
spheric lengthscales are much smaller, we focus on magne-
tospheric effects. We note that because of the increased ef-
fective planetary radius if the magnetosphere is included,
planets with grazing transits or which do not transit may be
detected in the radio but not in the optical band.
Radio waves that propagate through this ionized
medium will be affected in several different ways which
may imprint information about magnetospheric properties
on radio observations of the transit. Withers & Vogt (2017,
hereafter WV17) considered four different aspects of a ra-
dio signal propagating through a planetary environment (in
the context of observing background radio point sources
through Jupiter’s magnetosphere): polarization, frequency,
power, and timing. Changes in polarization, frequency, and
timing are not applicable here because starspot radio emis-
sion is not linearly polarized (though it can be circularly
polarized), does not have a narrow and stable frequency,
and is not pulsed. For power, WV17 considered refractive
lensing in the context of smooth changes in refractive in-
dex with radial distance. They applied that concept to the
neutral atmosphere, where the underlying assumption is
well-satisfied. Here we consider refractive lensing caused by
smooth changes in refractive index with radial distance and
also scintillation caused by small-scale irregularities in re-
fractive index. In both scenarios, magnetospheric plasma
density is the crucial physical property.
In this section we consider two potential transiting plan-
ets: a Jupiter analogue at 1 AU and a hot Jupiter analogous
to HD 189733 b. Jupiter offers an established Solar Sys-
tem example of a particularly significant and dense mag-
netosphere. The magnetospheres of hot Jupiters are not as
well-characterized, but initial observations suggest that their
magnetospheres can be substantial. We define representa-
tive plasma density distributions for these two objects. For
the 1AU Jupiter analogue, we adopt the idealized model of
WV17 in which the electron density N effectively varies ex-
ponentially with radial distance. Moving inwards from the
boundary of the magnetosphere, the plasma scale height is
40 RJ between 100 RJ and 28.6 RJ (outer magnetosphere),
2.5 RJ between 28.6 RJ and 10 RJ (inner magnetosphere),
and 4 RJ between 10 RJ and 5300 km above 1 RJ (≈1.07 RJ )
(ad hoc transition region).
We neglect the ionosphere in this project. Here multi-
path effects cause complicated changes in received intensity,
which are beyond the scope of the current exploratory study,
and electron density does not vary exponentially with alti-
tude, which precludes useful simplifying assumptions. For
a hot Jupiter, we develop a spherically-symmetric model
of HD 189733b using parameter values from Poppenhaeger
et al. (2013). Plasma density N in the exoplanetary magneto-
sphere is 7×1010 cm−3 at a radial distance of 1.75 RP , where
the planetary radius RP is 1.138 RJ . The plasma density N
decreases exponentially with increasing radial distance with
scale height H of 5000 km. Although Jupiter orbits at 5 AU
from the Sun, we assume that our Jupiter analogue orbits at
1 AU from its parent star. Our hot Jupiter model orbits at
0.03 AU from its parent star like HD 189733b. In the case
of the hot Jupiter in particular we stress that this model
is highly idealised, using a Jupiter-like profile with higher
density to a much closer orbit where we would expect a bow
shock and an extended magnetotail, in order to make the
problem straightforwardly tractable in the weak lensing and
scintillation regime. Therefore in the case of the hot Jupiter
the results presented below should be taken as qualitative
and heuristic, and a more realistic prediction would require
a 3D ray-tracing model.
4.1 Lensing
The mean refractive index profile of the exoplanetary mag-
netosphere will cause refraction of the radio signal that
passes through it. Due to this lensing, focusing or defocus-
ing will occur, which will cause observed changes in received
power that depend on the radial distance of closest approach
of the ray path to the exoplanet and other factors.
We consider the normalized intensity, defined as the ra-
tio of the observed intensity I to the intensity I0 that would
have been observed in the absence of refraction during the
propagation of the radio signal through the planetary envi-
ronment, given by Equation 6 in WV17.
Large changes in intensity are caused by large planet to
star separation D, large distance of closest approach between
the ray and the planet r, high electron number densities N,
and low frequencies f .
The effects of lensing by a Jupiter analogue at 1 AU
on received power at 0.1 GHz as predicted by WV17 are
negligible: the normalized intensity is within 1% of 1 at all
distances. Effects on normalized intensity are even smaller
at higher frequencies.
On the other hand, the effects of lensing by our hot
Jupiter model at 0.03 AU on received power at several fre-
quencies show much stronger effects (Figure 2). At large
radial distances, I is slightly greater than I0, indicating an
increase in intensity due to refractive lensing. As radial dis-
tance decreases, I/I0 increases until a critical transition is
reached.
Changes in (I/I0) due to refractive lensing are predicted
to be much greater for the hot Jupiter than for a Jupiter
analogue exoplanet at 1 AU distance from its parent star.
These differences can be explained in that the distance D
is approximately two orders of magnitude smaller for the
hot Jupiter than the Jupiter analogue. The scale height H is
approximately two orders of magnitude smaller; the plasma
density N at 1.75 RP is approximately eight orders of mag-
nitude larger; and the differences in H and N cause greater
changes in intensity for the hot Jupiter than the Jupiter
analogue. The difference in D has the opposite effect, but it
is overwhelmed by the much more significant impact of the
eight orders of magnitude difference in plasma density N.
These predictions are based on idealized assumptions
about magnetospheric properties. For instance, they ne-
glect the high density bow shock in the magnetosphere of
a hot Jupiter or the asymmetric shape and extended tail
typical of magnetospheres. These features will make magne-
tospheric effects more practically observable as a distortion
of the radio light curve before the beginning and after the
end of the geometric transit.
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Figure 2. Solid lines show the dependence of normalized inten-
sity, I/I0, on distance of closest approach of the ray path to the
hot Jupiter. Black line is for 0.1 GHz, grey line is for 1 GHz, and
red line is for 10 GHz. At small impact parameters at all frequen-
cies weak lensing models predict increases in brightness by factors
 unity, indicating strong lensing effects and the breakdown of
the weak lensing regime. The colored dashed lines mark the ra-
dial distance at which the method used to calculate these results
breaks down.
4.2 Scintillation
The deterministic, broadband effect of lensing is comple-
mented by random scattering in the planetary magneto-
sphere. As a radio signal propagates through an inhomoge-
neous plasma, phase delays introduced by the plasma cause
amplitude variations. The resultant random fluctuations in
received intensity are referred to as scintillations. The size
of the intensity fluctuations is related to properties of the
plasma density fluctuations.
An extensive body of literature exists concerning the ef-
fects on the power of a radio signal of propagation through
a region of plasma density fluctuations in the ionosphere
(Briggs & Parkin 1963; Yeh & Liu 1982), interplanetary
space (Hewish et al. 1964), interstellar space (Hunstead
1972; Lee & Jokipii 1975; Rickett 1977), and intergalactic
space (Ravi et al. 2016). The same scintillation effect occurs
at optical wavelengths, where Earth’s inhomogeneous turbu-
lent atmosphere causes stars to twinkle. Solar System plan-
ets, however, do not twinkle to the naked eye, because the
scintillation across their disk is incoherent and averages out
to a more stable intensity; likewise, the presence or absence
of scintillation can be used to constrain the angular size of
radio sources. If the length scale of the inhomogeneities in
the exoplanetary magnetosphere is similar to or greater than
the size of a typical starspot, we expect scintillation to be
important; if these inhomogeneities are smaller, however, we
expect them not to be. As a typical starspot is of order the
same size as a planet in our Solar System or in extrasolar
systems where spot-crossing events have been observed in
optical transits, it is plausible that some, but not all, ex-
trasolar transiting systems may exhibit radio scintillation.
With this in mind, we now consider the case of an inhomo-
geneous magnetosphere, and what can be determined about
its structure from the short-term variability of the received
radio flux.
The ratio of the standard deviation of intensity to the
mean intensity is called the scintillation index, m. For m  1,
it satisfies (Alurkar 1997):
m ≈ λre
√
aL(Nrms) (1)
where λ is the radio wavelength, re is the classical electron
radius e2/
(
4pi0mec2
)
= 2.8 × 10−15 m, a is the typical size
scale of density irregularities, L is the length-scale over which
scattering occurs, and Nrms is the root-mean-square varia-
tion in electron density. Equation 1 is valid for weak scintil-
lation, where m  1 (Alurkar 1997). In the limit of strong
scintillation, m = 1 (Tatarskii 1971; Lee & Jokipii 1975).
In the interests of simplicity, we use the weak scintillation
expression of Equation 1 for all calculations, but any val-
ues of the scintillation index m that exceed unity should be
replaced by the strong scintillation limit m = 1.
We consider the scintillation caused by the magneto-
sphere of a distant exoplanet of a background point source,
using the above hot Jupiter and Jupiter analogues.
For the 1 AU Jupiter analogue, we consider two possi-
ble values of a: 10 RJ , which is the width of the equatorial
plasma sheet (Behannon et al. 1981; Khurana & Schwarzl
2005), and 0.1 RJ , which is a representative lengthscale for
small structures in a major feature of Jupiter’s magneto-
sphere, the Io plasma torus (Phipps & Withers 2017). For
the scattering lengthscale L, we assume L =
√
RH, where R
is the radial distance and H is the scale height that describes
the exponential dependence of plasma density on radial dis-
tance. This expression for L is the effective path length of the
ray path through the densest region of the magnetosphere
(Hinson et al. 1999). H is taken from the model of Withers &
Vogt (2017); it is 2.5RJ for the inner magnetosphere within
28.6RJ . For Nrms, we assume that Nrms/N = 0.1.
In both the hot Jupiter and Jupiter model we have con-
sidered, at small impact parameters we have very significant
scintillation, in fact leaving the weak scintillation regime for
which these calculations are valid.
The effects at higher frequencies are smaller (Equa-
tion 1), but in both cases appreciable scintillation is pre-
dicted for lines-of-sight that do not graze the planet’s atmo-
sphere and ionosphere. Closest approach distances on the
order of 10 RJ are sufficient to achieve strong scintillation.
For the large scale, m exceeds 1 for impact parameters
from b < 19.7RJ (100 MHz) to b < 6.6RJ (10 GHz). For
the small scale, m exceeds 1 for b < 13.8RJ (100 MHz) to
b < 6.1RJ (1 GHz); while at 10 GHz, m does not exceed 1 for
magnetospheric lines-of-sight. Recall that we use the weak
scintillation expression of Equation 1 for all calculations,
so predicted values of the scintillation index m that exceed
unity should be replaced by the strong scintillation limit
m = 1.
For our hot Jupiter model, we assume that the typi-
cal size scale for density irregularities a is 0.1RP and that
the root-mean-square fluctuation in density is 10%. These
adopted values are not directly constrained by observations.
Instead, they are plausible exploratory assumptions.
The predicted scintillation index m exceeds 1 and we
leave the weak scintillation regime for closest approach dis-
tances of approximately 3 RP for all three frequencies con-
sidered here (0.1, 1, and 10 GHz).
The scintillation index is smaller for the hot Jupiter
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than for the Jupiter analogue at large radial distances, but
m is larger for the hot Jupiter than for the Jupiter ana-
logue at small radial distances. This can be explained by
consideration of Equation 1. The most significant term in
this equation is the plasma density N. At small radial dis-
tances, N is much greater for the hot Jupiter than for the
Jupiter analogue, as discussed above. However, H is approx-
imately two orders of magnitude smaller for the hot Jupiter
than the Jupiter analogue. Hence the plasma density N de-
creases much more rapidly with radial distance for the hot
Jupiter than the Jupiter analogue. Consequently, N is much
smaller for the hot Jupiter than for the Jupiter analogue at
large radial distances.
Given that there is a significant range of impact param-
eters for which the weak-limit expression predicts m & 1,
we suggest that it will be important to model the strong-
scintillation regime to explore what radio transit light curves
can encode at small impact parameters. In practice, we ex-
pect that several length scales are present, for example the
magnetospheric current sheet and Io plasma torus which jus-
tified the 10RJ and 0.1RJ irregularity scales respectively,
and that it may be possible to retrieve the parameters of
a model incorporating these effects deterministically from
a sufficiently high-resolution radio light curve. It has previ-
ously been suggested that radio emission modulation anal-
ogous to the Jupiter-Io interaction may be used to detect
exomoons (Noyola et al. 2014), and we suggest that such
a detection may also be possible through scintillation mea-
surements.
We have calculated effects of defocusing and scintilla-
tion separately for convenience, but in reality both affect
the same quantity — the observed intensity. In principle,
it might be possible to separate these effects by interpret-
ing the time-averaged intensity in terms of defocusing and
fluctuations in intensity with time in terms of scintillation.
Given that for our toy hot Jupiter model both refraction
and scintillation leave the weak effect regime for impact pa-
rameters smaller than a few planetary radii, a crucial further
step will be to conduct detailed beam propagation modelling
through a 3D magnetosphere to predict the effects of lensing
and scintillation in the strong regime in each case.
5 CONCLUSIONS
Radio observations of planets transiting starspots are a
promising direction for exoplanetary and stellar science
with future large radio telescopes. It will become possi-
ble to detect the radio emission of many main sequence
stars with SKA1-Mid, and the final SKA2-Mid will per-
mit transit observations around nearby active stars. We
recommend investment in more detailed theoretical mod-
els of stellar radio emission and planetary magnetospheres,
and full-polarization ray-tracing models of hot Jupiter mag-
netospheres illuminated by realistic stellar activity maps,
whose predictions will be tested by radiometric transit ob-
servations in coming years. Radio transit science with the
SKA will complement the James Webb Space Telescope’s
five year mission, currently planned to commence in 2021.
Even without detecting transits, the SKA1 observations of
emission from nearby solar-like stars will help measure signa-
tures of stellar activity which would otherwise contaminate
optical transmission spectra. Furthermore with SKA1 and
even more so with SKA2 detailed studies of many nearby
M dwarfs and their planetary systems will be possible, which
will help constrain both planetary magnetospheres and stel-
lar activity, and their interaction, with its consequences for
habitability. We encourage radio astronomers with access
to existing instruments, in particular the VLA, MeerKAT
and ASKAP, to investigate the Sun and nearby stars with
a view to constraining these presently-undeveloped models,
and considering what else the SKA can do for stellar and
exoplanetary astrophysics.
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